Zinc oxide (ZnO) tetrapods have received much interest due to their unique morphology, that is, four arms connected to one centre. Tetrapod networks possess the excellent electronic properties of the ZnO semiconductor, which is attractive for photoelectrode materials in energyconversion devices because of their advantages in electron extraction and transportation. In this review, we have discussed recent advancements in the field of ZnO tetrapod synthesis, including vapour transport synthesis and the wet chemical method, together with their advantages and disadvantages in terms of morphology control and yield regulation. The developments and improvements in the applications of ZnO nanotetrapods in photovoltaics, including dye-sensitized solar cells and polymer solar cells, are also described. Our aim is to give readers a comprehensive and critical overview of this unique morphology of ZnO, including synthesis control and growth mechanism, and to understand the role of this particular morphology in the development of solar cells. The future research directions in ZnO tetrapods-based solar cell are also discussed.
Introduction
Zinc Oxide (ZnO) is an important and versatile n-type direct wide bandgap (3.37 eV) semiconductor, with a large exciton-binding energy (~60 meV) at room temperature. ZnO has wide-ranging applications in electronic and optoelectronic devices, such as piezoelectric sensors, ultraviolet (UV)/blue light-emitting diodes, transistors, field emission displays, gas sensors, UV detectors, transparent conductive films, hybrid solar cells, etc. ZnO is also inexpensive, relatively abundant, chemically stable, easy to prepare, and nontoxic [1, 2] In addition, ZnO is amenable to processing into variegated morphologies in terms of nanostructure synthesis, owing to its hexagonal wurtzeit (WZ) crystal structure and different growth rates of the diverse crystal planes. To date, a variety of morphologies have been achieved, including nanopowders, nanobelts, nanobows, nanodiscs, nanoplatelets, nanoflowers, nanowires, nanotetrapods and nanorods [3] [4] [5] . These novel nanostructures indicate that ZnO contains probably the richest family of nanostructures among all materials, in both structure and properties, as well as providing valuable models for understanding crystal-growth mechanisms at nanosize, and exhibiting high potential for fabricating novel nanoelectronics and optical devices with enhanced performance [6] . Among the various morphologies of ZnO nanostructures, ZnO tetrapods have recently attracted extensive attention due to their unique shape and structure, excellent optical properties and significantly lower density of native defects when compared to other morphologies [7] . A ZnO tetrapod consists of a ZnO core from which four arms extend to the surrounding space at the same extent, which endows them with the ability to assemble a good network with desired the porosity and mechanical strength by connecting arms with each other. This material is often used as a reinforcing material in composite materials [8, 9] , and it has already proved to have promising applications in biomedical engineering and advanced linking technologies [10, 11] . The electron mobility is ~17 cm for single-crystal ZnO nanowires, and it is similar in ZnO tetrapods [12] . The bandgap energy and the electron affinities of ZnO are similar to TiO 2 , but its higher electron mobility compared to TiO 2 may overcome higher electron recombination in the TiO 2 -based dye sensitized solar cells (DSSCs), which is beneficial for solar cell performance. The ZnO porous networks are superior in providing electron extraction to one-dimensional (1D) nanorod structures or bulk materials as interconnections and functional components in photovoltaic devices [13] [14] [15] [16] [17] , because nanotetrapods can always transport electrons in the direction perpendicular to the conductive substrate by directing the constituent arms in the four tetrahedral directions. The porous networks are also important in increasing the diffusion rate without increasing the recombination rate, and could therefore increase the efficiency of a photoelectrochemical energy conversion system. Tetrapod nanocrystals have also been used successfully in hybrid solar cells due to their unique, continuous pathway, controllable absorption maximum and semiconducting properties [18] . Improved efficiencies, when compared with polymerbased structures, are found to result from enhanced electron-extraction because of the branched tetrapods. Researchers have seen potential in ZnO tetrapods for solar cell applications owing to their vectorial charge transportation, excellent charge collection and low temperature film formation process. The application of ZnO tetrapods in solar cells, therefore, would be interesting.
Controlled synthesis of ZnO tetrapods is one of the most important issues for their successful application in solar cells. The arm length-to-diameter ratio has a great influence on the packing density of the tetrapods, which determine the interface charge separation as well as the electron transport in solar cells. ZnO tetrapods have been synthesized by various methods, such as carbothermal reduction, atmosphere controlled oxidation, the microwave plasma method, the hydrothermal method or the simple method of heating ZnO powders with or without a catalyst. This review presents recent advances in usage of ZnO tetrapods, especially focusing on the synthesis methods, including their advantages and disadvantages in terms of morphology control and yield regulation, the growth mechanisms and their application in photovoltaic devices. Future research directions in ZnO tetrapods-based solar cells are also discussed.
Synthesis Methods
As in other ZnO nanostructures' synthesis [19] [20] [21] [22] [23] [24] , ZnO tetrapods can be obtained via different methods [25] [26] [27] , such as atmosphere controlled oxidation, thermal evaporation, catalytic oxidation, microwave radiation, and microemulsion. All these methods can be divided into two primary categories: the first starts from a solid phase and then proceeds through a solid-vapour transport-condensation process, while the second is a liquid reaction process.
Vapour transport synthesis
The vapour transport process is widely used to synthesize ZnO tetrapods due to its simplicity, low cost, high yield, and lack of agglomeration. The vapour transport synthesis undergoes the evaporation of Zn metal, oxidation, nucleation and growth, all of which take place at high temperatures (> 600 °C). The tetrapods, once nucleated, would grow rapidly in the high-temperature region and turn into exclusively large sizes. ZnO tetrapods obtained through vapour transport synthesis normally have arm diameters larger than 100 nm and arm lengths larger than 2 μm. The important process parameters in vapour transport reactions are the partial pressures of reactant gases, growth temperature and particle size of the nuclei [28] [29] [30] . Although it has a common solid-gas-solid changing experience, the vapour transport synthesis also includes different subclasses, owing to the specific experimental parameters and the different raw materials. We placed emphasis on thermal evaporation, atmosphere-controlled oxidation, carbothermal reduction, catalytic oxidation, thermal oxidation combined with a solution and the microwave plasma method.
Thermal evaporation
Zinc powder is directly placed into a reactor for thermal evaporation and oxidation. No catalyst is needed in this process, and the reaction atmosphere in the reactor need not be controlled. The amount of zinc powder is calculated according to the volume of the reactor, while ensuring some oxygen insufficiency in the reactor. Intensity (a.u.) Figure 2 . XRD patterns of ZnO tetrapods grown by thermal evaporation [31] Figure 1 shows the SEM images and Figure 2 shows the XRD patterns of ZnO tetrapods [31] . From Figure 1 we can see that the tetrapods consist of four arms branching Figure 1 shows the SEM images and Figure 2 shows the XRD patterns of ZnO tetrapods [31] . From Figure 1 we can see that the tetrapods consist of four arms branching from the same centre and that the angles between the arms are nearly the same, analogous to the spatial structure of molecular methane. The four arms of the ZnO tetrapod gradually become thinner from their widest point at the centre (about 1-2 μm in diameter) and eventually end in needle-shaped tips (about 40 nm in diameter). They are usually several to tens of microns in length. All the diffraction peaks in Figure 2 can be indexed as a wurtzeit structure with lattice constants of a = 0.324 nm and c = 0.519 nm. ZnO tetrapods prepared by thermal evaporation have optimal morphology with high crystal quality. However, the size of ZnO tetrapods obtained using this method is within the micron range. The growth of ZnO whiskers is mainly determined by two factors: one is the supersaturation of ZnO above the substrates, and the other is the crystallization property of the ZnO material itself. The supersaturation of ZnO is the most important parameter and can be regulated by controlling the temperature and reaction rate. In reference [31] , the heating process is divided into three stages: a preheating stage to 700 °C, a heating stage to the reaction temperature, and a heat preservation stage at the reaction temperature for some time. The experimental results show that at a low preheating rate of 3 °C/min, the morphology of ZnO tetrapods is optimal and the yield is as high as 95%. With an increased preheating rate, the size of the tetrapod product increases and becomes uneven. With the increased reaction temperature exceeding 1000 °C, the whisker size, yields and integrity decrease.
In the thermal evaporation process, tetrapods, once nucleated, grow rapidly in the high-temperature region. This dramatic growth can be quenched in a controlled manner, i.e., the size and morphology of the tetrapods can be tailored. Qiu [32] developed a fast-flow technique to quench tetrapod growth by rapidly transporting the growing tetrapods with a flowing gas stream to the lowtemperature region. With this simple technique, ZnO tetrapods with average arm diameters in the range of tens of nanometres and arm lengths ranging from 50 nm up to many micrometres can be obtained.
Atmosphere-controlled oxidation
One key step in the process of preparing ZnO tetrapods is controlling the oxidizing speed of zinc by forming homogeneous, thin, fine zinc oxide films on the surface of zinc particles to prevent zinc vapour from spreading out too fast and O 2 from penetrating the particles. To achieve this goal, ZnO tetrapods can be prepared in a mixed atmosphere of inert gas and oxygen gas. The diluted concentration of oxygen can then meet the conditions necessary for whisker generation. Carotta [33] heated metallic Zn foil to 650 °C under Ar gas flow. O 2 was then introduced to the Ar flow, and the furnace was cooled to room temperature. Large numbers of tetrapods were formed in the vapour phase and transported downstream in the colder area of the furnace.
The addition of water vapour to the reactive gas has a marked effect on the shape and size control of ZnO tetrapods. The tetrapods prepared with the addition of water have longer arms and a lower average diameter (8-20 nm) as compared to tetrapods prepared without water addition [34] . The reaction of Zn metal with water produces hydrogen gas that could favour the production of the suboxide of zinc, which has been reported as the most probable intermediate state in the formation of ZnO tetrapods [35, 36] . However, the reaction of zinc metal with excessive water results in the passivation of the surface stopping the transportation, thereby reducing the yield of ZnO. Thus, it appears that traces of water can be beneficial for the formation of ZnO tetrapods with controlled diameters, whereas larger water concentrations decrease the yield of ZnO considerably.
Carbothermal reduction
In the carbothermal method, ZnO powder is mixed with graphite powder as a source material. At about 800-1100 °C, graphite reduces ZnO to form Zn and CO/CO 2 vapours. Zn and CO/CO 2 subsequently react and form ZnO nanocrystals. The advantages of this method can be attributed to the ability of graphite to significantly lower the decomposition temperature of ZnO. Chen [37] reported ZnO tetrapods obtained through carbothermal reduction. A mixture of pure ZnO powder and graphite powder (1:1 molar ratio) as the starting material was placed in the centre of a quartz tube. The mixture was heated to approximately 1100°C under a flow of high-purity nitrogen as a carrier gas. Different products formed in different positions on the inner wall of the quartz tube when the flow rate of the carrier gas was adjusted. With an increased carrier gas flow rate to 50 sccm, uniform tetrapod-shaped ZnO crystals were formed on the inner wall of the quartz tube located downstream of the carrier gas by a distance of approximately 85-100 mm from the reactants. The growth temperature was estimated to range from 955°C to 990°C. Thus, the carrier-gas flow rate is a key parameter for controlling the formation of ZnO tetrapods by carbothermal reduction. A suitable gas flow rate creates a moderate supersaturation of Zn vapour and oxygen, which leads to the formation of ZnO nanotetrapods.
Catalytic oxidation
By incorporating Pb, Cd, Sn, Al, Ag and Sb into pure Zn materials, ZnO tetrapods were formed after an oxidation process. The doping elements served as catalysts that altered the ZnO nucleation and growth processes of whiskers, leading to changes in the morphologies of ZnO [38] . Wang [39] used Au as a catalyst and produced a bulk quantity of tetrapod-like ZnO, which showed very similar structural features to those grown in a catalyst-free process.
ZnO nanostructures were synthesized by the thermal evaporation of ZnO and carbon nanotubes on a silicon substrate with a sputtered Ag catalyst [40] . For the samples with Ag catalysts, the yield of polypods was observed to be high (>95%), the majority of polypods were in tripod form and the remaining structures were mostly tetrapods. In the case of a no-catalyst layer, the majority of polypods were in tetrapod form and the size was relatively small. However, the density and production yield of polypods were relatively lower (< 50%) than was the case with an Ag catalyst layer. The experimental results showed that silver catalyst caused a significant change in polypod structure and yield. A plausible explanation is that use of the silver catalyst results in higher-density, larger-nucleated ZnO nanoparticles than those produced without a catalyst, because ZnO tripods and tetrapods prepared with the silver catalyst are relatively larger than ZnO nanotetrapods grown with no catalyst. In addition, ZnO nanoparticles nucleated on the silver catalyst have different crystal orientations from ZnO particles randomly nucleated on bare Si substrate, such that ZnO tripods are preferentially formed. By contrast, nanotetrapods are primarily grown from randomly nucleated ZnO particles on bare Si substrate.
Thermal oxidation combined with solution
In this process, ZnO tetrapods were prepared by the thermal oxidation technique of metal zinc powder mixed with different solutions such as methanol, ethanol and hydrogen peroxide in a 10:1 ratio. The mixtures were heated at 1000 °C in a normal atmosphere. The results showed that ZnO prepared by heating zinc and H 2 O 2 yielded tetrapod-like nanostructures, and that H 2 O 2 acted as a strong oxidizer that supplied more reactive oxygen species to zinc to form ZnO tetrapods [41] .
Microwave plasma method
In a typical microwave radiation procedure, zinc powder in a quartz boat was set at the centre (the plasma heating zone) of a horizontal quartz tube. Pure Ar and O 2 gases flowed into the tube and a microwave source was coupled along a square or rectangular wave-conducting pipe to the tube's centre for generating stable plasma. An assistant tube furnace was used to provide the necessary temperature zone. Figure 3 shows a schematic illustration of a microwave plasma system. The products were collected on the inner wall at the downstream end of the tube. Zhang [42, 43] prepared ZnO tetrapods by a microwave plasma method. The obtained ZnO tetrapods had four straight and uniform legs with diameters ranging from 10 nm to 25 nm, and lengths up to 160 nm.
Among the vapour-transport synthesis methods, thermal evaporation under atmospheric pressure is the easiest, and ZnO tetrapods prepared by thermal evaporation have optimal morphology with high crystal quality. In general, the size of ZnO tetrapods obtained using this method is within the range of microns. However, ZnO tetrapods used in polymer-nanocrystal solar cells are within the order of 100 nm, and are generally much smaller than ZnO tetrapods fabricated by vapour deposition. This small size enables the formation of thin polymer layers that are required for efficient charge transport. Thus, although the vapour transporting process is the dominant synthesis method for growing ZnO tetrapods, liquid reaction processes have become increasingly important in forming ZnO tetrapods with arm diameters smaller than 100 nm and controlled arm lengths. These processes can fill important size gaps and significantly extend the applications of this unique nanostructure. 
Wet chemical method
Although the vapour transport process is the dominant synthesis method for growing ZnO tetrapods, other growth methods such as wet chemical methods have also been developed. These methods enable the formation of ZnO nanocrystals at low temperatures, which facilitates the formation of nanoscale ZnO tetrapods.
Micro-emulsion combined with the hydrothermal method
Micro-emulsion combined with thermal hydration can be used to prepare ZnO nanotetrapods because of its relative simplicity. This method is based on the advantages of microemulsion in producing fine particles, and of hydrothermal treatment in improving crystal morphology and quality [44] . In reference [45] , Zn(Ac) 2 aqueous solution was added to a TritonX-100/cyclohexane/n-octanol system and stirred continuously to achieve a transparent solution. NaOH aqueous solution was added dropwise to the mixture, then the mixture was transferred to a hydrothermal autoclave for hydrothermal growth and the final product was collected by centrifugation. The hydrothermal growth time and cyclohexane dosage were studied to determine their effects on morphology and sizes. Figure 4 shows the SEM images of ZnO whiskers prepared at different growth times. The ZnO products were mainly nanotetrapods. The lengths and diameters of tetrapods changed slightly over time. The ZnO whiskers prepared within a short growing time had nanotetrapod skeletons; however, numerous small particles were attached onto the arms. With growth time increased to four hours (h), the outline of the arms became clear and the crystals achieved a good growth. The main morphology of the whiskers was a nanotetrapod, apart from the sheet-and flower-shaped forms. With an increased growth time to eight h, a large number of flower-shaped whiskers appeared and the surface of the arm was no longer smooth. With a further increased growth time to 10 h, secondary growth occurred and numerous tiny whiskers appeared on the arms. This phenomenon shows the occurrence of polar growth and secondary growth during the crystal growth process, and that the growth time significantly affects the morphology of ZnO.
A possible growth mechanism for the formation of nanoZnO by a microemulsion-mediated hydrothermal process was reported [46] . In the water-in-oil microemulsion, water droplets stabilized by the surfactant and co-surfactant were used as reactors for the formation of nanomaterials. The small size of the water core was a prerequisite favouring the formation of small particles, which was achieved by decreasing the amount of water or increasing the amount of oil. Figure 5 shows the SEM images of the as-synthesized ZnO whiskers under different water/cyclohexane ratios at a growth time of 10 h. The cyclohexane dosage exerted some influence on the size and morphology of ZnO whiskers. A slight increase in the cyclohexane dosage resulted in small-sized nanotetrapods. When the cyclohexane content reached a certain level, adding more cyclohexane resulted in a difficult dispersion. The viscosity increased and the microemulsion became a thermodynamically unstable system, which created some large-sized non-uniform ZnO whiskers.
Nonhydrolytic alcoholysis route
To further reduce the size of ZnO tetrapods, the alcoholysis of zinc stearate was attempted to prepare ZnO tetrapods <100 nm in size. Growth of ZnO nanocrystals through the reaction of zinc stearate with alcohol in hydrocarbon solvents (noncoordinating solvents) under elevated temperatures was chosen because the nanocrystals resulting in this system were stable at room temperature, and no aggregation or oriented attachment was observed [47, 48] . Jin [49, 50] found that in the synthesis of ZnO nanocrystals, the introduction of Mg dopants significantly influenced the growth of the host lattices by modifying the crystallographic phase of ZnO seeds, which eventually led to a dramatic shape evolution. A small amount of magnesium precursor Figure 4 . SEM images of as-synthesized ZnO whiskers under different growth times (TritonX-100/cyclohexane/noctanol=3:8:2; water/cyclohexane=16:100) [45] Figure 4 shows the SEM images of ZnO whiskers prepared at different growth times. The ZnO products were mainly nanotetrapods. The lengths and diameters of tetrapods changed slightly over time. The ZnO whiskers prepared within a short growing time had nanotetrapod skeletons; however, numerous small particles were attached onto the arms. With growth time increased to four hours (h), the outline of the arms became clear and the crystals achieved a good growth. The main morphology of the whiskers was a nanotetrapod, apart from the sheet-and flower-shaped forms. With an increased growth time to eight h, a large number of flower-shaped whiskers appeared and the surface of the arm was no longer smooth. With a further increased growth time to 10 h, secondary growth occurred and numerous tiny whiskers appeared on the arms. This phenomenon shows the occurrence of polar growth and secondary growth during the crystal growth process, and system, ZnO whi (as low as 2 mol% Mg(St) 2 in the starting materials) significantly changed the morphology of the resulting nanocrystals, leading to tetrapods. Tetrapod-shaped nanocrystals were also obtained in the products from the 5 mol% and 10 mol% Mg(St) 2 reactions. For different dosages, the 5% Mg(St) 2 reaction had the maximum yield of highquality ZnO nanotetrapods, i.e., as high as >95%.
In our work [51] , magnesium acetate, zinc oxide, and stearic acid were used as reactants, and the obtained Mg x Zn 1-x (St) 2 in the first process was subsequently reacted with octodecyl alcohol or octadecylamine in the second process. Figure  6 shows that the obtained ZnO had the morphologies of nanotetrapods. The arm had a diameter of about 5 nm and a length of <50 nm.
Although most of the above-mentioned synthesis methods enable controlled growth of ZnO tetrapods, an easy scalable, cost-effective and facile synthesis method which can produce large amounts of size-controllable ZnO tetrapods is still an aspect in high demand. Compared with vapour-transport synthesis, ZnO tetrapods obtained from liquid reaction synthesis have smaller sizes; however, their yield and purity both decrease because of the lengthy washing process.
Growth Mechanism
The growth mechanism of ZnO tetrapods is still a subject of debate [52] [53] [54] [55] . The factors affecting the morphologies of the tetrapod nanostructures and the possibility of controlling the tetrapod ZnO nanostructures during synthesis under suitable reaction conditions remain unclear. According to the differences in nanostructure formation mechanisms, the extensively used vapour transport process can be categorized as a catalyst-free vapour-solid (VS) process and a catalyst-assisted vapour-liquid-solid (VLS) process. References [56] and [57] 
Nonhydrolytic alcoholysis route
To further reduce the size of ZnO tetrapods, the alcoholysis of zinc stearate was attempted to prepare ZnO tetrapods <100 nm in size. Growth of ZnO nanocrystals through the reaction of zinc stearate with alcohol in hydrocarbon solvents (noncoordinating solvents) under elevated temperatures was chosen because the nanocrystals resulting in this system were stable at room temperature, and no aggregation or oriented attachment was observed [47, 48] . Jin [49, 50] found that in the synthesis of ZnO nanocrystals, the introduction of Mg dopants significantly influenced the growth of the host lattices by modifying the crystallographic phase of ZnO seeds, which eventually led to a dramatic shape and shows that the kinetics of nucleation/growth of ZnO nanoparticles are probably very rapid when compared to the reaction of the oxidation of Zn vapour.
To date, three different growth mechanisms have been proposed for ZnO tetrapod formation by the catalyst-free VS process. Shiojiri and Kaito [58] prepared ZnO tetrapods by burning zinc metal in a gas mixture of 80% Ar and 20% O 2 . The initially formed particles < 20 nm in size had the zincblende (ZB) structure. They became tetrapod-like crystals after rapid growth along four <111> directions perpendicular to the {111} or Zn faces. Then, WZ crystals were formed on their {111} faces by introducing stacking faults; they grew easily along their [0001] directions, and became ZnO tetrapods. Nishio et al. [59] proposed a growth model wherein ZnO tetrapods were formed from WZ multiple twins induced in a ZB nucleus, which only existed in high-temperature tetrapods and degenerated to multiple twins at room temperature. Iwanaga et al. [60, 61] reported ZnO tetrapods composed of core and legs with the same WZ structure. They proposed an octa-twin model and assumed that octahedral multiple inversion twins consisting of eight trigonal pyramidal crystals were formed first. The eight surfaces of the octahedron were alternately composed of the plus (0001) surface (+c) and minus (000, 1) surface (-c). The positively charged surfaces (+c) were likely to be terminated with Zn and were the favourable sites for attracting vapour species. During their growth, some twin boundaries cracked and the four legs grew only in the +c directions, resulting in the formation of tetrapods. Through experimentation, Dai [55] gave direct evidence on the existence of the octa-twin nucleus, strongly supported the octa-twin model. Figure 7 shows a pyramid formed by three {11, 2 2} facets and one (0001) facet, and the octa-twin model composed of eight pyramidal inversion twin crystals.
6 morphologies of nanotetrapods. The arm had a diameter of about 5 nm and a length of <50 nm. Although most of the above-mentioned synthesis methods enable controlled growth of ZnO tetrapods, an easy scalable, cost-effective and facile synthesis method which can produce large amounts of size-controllable ZnO tetrapods is still an aspect in high demand.
Compared with vapour-transport synthesis, ZnO tetrapods obtained from liquid reaction synthesis have smaller sizes; however, their yield and purity both decrease because of the lengthy washing process.
Growth mechanism
The growth mechanism of ZnO tetrapods is still a subject of debate [52] [53] [54] [55] . The factors affecting the morphologies of the tetrapod nanostructures and the possibility of controlling the tetrapod ZnO nanostructures during synthesis under suitable reaction conditions remain unclear. According to the differences in nanostructure formation mechanisms, the extensively used vapour transport process can be categorized as a catalyst-free vapour-solid (VS) process and a catalyst-assisted vapour-liquid-solid (VLS) process. References [56] and [57] give detailed descriptions of the nucleation rate calculation and growth model of ZnO nanoparticles via chemical vapour synthesis. The model successfully predicts the experimental yield of the reaction and shows that the kinetics of nucleation/growth of ZnO nanoparticles are probably very rapid when compared to the reaction of the oxidation of Zn vapour. To date, three different growth mechanisms have been proposed for ZnO tetrapod formation by the catalyst-free VS process. Shiojiri and Kaito [58] prepared ZnO tetrapods by burning zinc metal in a gas mixture of 80% Ar and 20% O2. The initially formed particles < 20 nm in size had the zincblende (ZB) structure. They became tetrapod-like crystals after rapid growth along four 〈111〉 directions perpendicular to the {111} or Zn faces. Then, WZ crystals were formed on their {111} faces by introducing stacking faults; they grew easily along their [0001] directions, and became ZnO tetrapods. Nishio et al. [59] proposed a growth model wherein ZnO tetrapods were formed from WZ multiple twins induced in a ZB nucleus, which only existed in high-temperature tetrapods and degenerated to multiple twins at room temperature. Iwanaga et al. [60, 61] reported ZnO tetrapods composed of core and legs with the same WZ structure. They proposed an octa-twin model and assumed that octahedral multiple inversion twins consisting of eight trigonal pyramidal crystals were formed first. The eight surfaces of the octahedron were alternately composed of the plus (0001) surface (+c) and minus (0001 -) surface (-c). The positively charged surfaces (+c) were likely to be terminated with Zn and were the favourable sites for attracting vapour species. During their growth, some twin boundaries cracked and the four legs grew only in the +c directions, resulting in the formation of tetrapods. Through experimentation, Dai [55] gave direct evidence on the existence of the octa-twin nucleus, strongly supported the octa-twin model. Figure   7 shows a pyramid formed by three {112 -2} facets and one (0001) facet, and the octa-twin model composed of eight pyramidal inversion twin crystals. Other researchers believe that the growth mechanism of ZnO tetrapod and multipod nanostructures can be a selfcatalyzed VLS process [62, 63] that generally involves two important steps: nucleation at the initial stage followed by epitaxial growth. The vapour of Zn or Zn suboxides (ZnOx, x < 1) generated at the source region at high temperature were transferred to the low-temperature region, and then condensed into liquid droplets on the substrate. Consequently, the incoming O and Zn atoms were absorbed for nucleation and further growth of the ZnO nanostructure.
Overall, these growth models are inconsistent with one another. Thus, more work on morphological analysis, spectral measurements and theoretical calculations are needed to better explain the growth of ZnO tetrapods.
Application in photovoltaic devices
ZnO tetrapod architecture consisting of four rod-shaped structures joined at tetrahedral angles to a central core, Other researchers believe that the growth mechanism of ZnO tetrapod and multipod nanostructures can be a selfcatalyzed VLS process [62, 63] that generally involves two important steps: nucleation at the initial stage followed by epitaxial growth. The vapour of Zn or Zn suboxides (ZnO x , x < 1) generated at the source region at high temperature were transferred to the low-temperature region, and then condensed into liquid droplets on the substrate. Consequently, the incoming O and Zn atoms were absorbed for nucleation and further growth of the ZnO nanostructure.
Application in Photovoltaic Devices
ZnO tetrapod architecture consisting of four rod-shaped structures joined at tetrahedral angles to a central core, has recently attracted much attention in the development of photovoltaic devices, because of the good electron transmorphologies of nanotetrapods. The arm had a diameter of about 5 nm and a length of <50 nm. Although most of the above-mentioned synthesis methods enable controlled growth of ZnO tetrapods, an easy scalable, cost-effective and facile synthesis method which can produce large amounts of size-controllable ZnO tetrapods is still an aspect in high demand. Compared with vapour-transport synthesis, ZnO tetrapods obtained from liquid reaction synthesis have smaller sizes; however, their yield and purity both decrease because of the lengthy washing process.
Growth mechanism
The growth mechanism of ZnO tetrapods is still a subject of debate [52] [53] [54] [55] . The factors affecting the morphologies of the tetrapod nanostructures and the possibility of controlling the tetrapod ZnO nanostructures during synthesis under suitable reaction conditions remain unclear. According to the differences in nanostructure formation mechanisms, the extensively used vapour transport process can be categorized as a catalyst-free vapour-solid (VS) process and a catalyst-assisted vapour-liquid-solid (VLS) process. References [56] 
Usage of ZnO nanotetrapods as photoanodic materials in DSSCs
DSSCs are some of the most successful devices that exploit nanostructures to accomplish efficient solar-to-electric power conversion [64, 65] . Photoanodes are important components of DSSCs because of their functions in supporting dye molecules and transferring electrons. A high electron transport rate is required to reduce the electronhole recombination rate and enhance the conversion efficiency. Although the most widely used photoanode material in DSSCs is mesporous TiO 2 films, various structures of ZnO are also being used for DSSC fabrication. The advantages of using ZnO over TiO 2 are its direct band gap (3.37 eV), higher exciton binding energy (60 meV) compared to TiO 2 (4 meV) and higher electron mobility (200 cm ). In addition, zinc oxide has a price advantage, and commercially available ZnO is cheaper than TiO 2 (the price of zinc oxide is below 2,000 US dollars per tonne, while the price of titanium dioxide is over 2,000 US dollars per tonne). The chemical stability of ZnO is, however, less than that of TiO 2 , which was found to be problematic in the dyeadsorption procedure. Low electron injection efficiency from excited dye molecules to ZnO is also an obstacle to obtaining high efficiency [66] [67] [68] .
ZnO nanotetrapods were deposited on Fluorine-doped tin oxide (FTO) glass substrate at 500 °C by a furnace method. The samples were used to combine with N-719 or N3 dyes to fabricate two kinds of DSSCs. Under optimal conditions, an AM 1.5 power conversion efficiency (η) of 0.40% was achieved for N3 immersed DSSC and 0.68% was achieved for N-719 immersed DSSC [69] .
Chen [70] proposed a photoanode architecture for DSSCs based on ZnO nanotetrapods with a branched structure. The ZnO nanotetrapods were amenable to being assembled into a network with good mechanical strength. The network can maintain the characteristics of vertically aligned nanorod arrays by significantly reducing the numerous electron-hopping interjunctions in the porous nanoparticle films. For ZnO nanotetrapod film preparation, ZnO nanotetrapod powder was first dissolved in 1-butanol to form a sufficiently viscous paste. Then, the doctor blade technique was used to spread this paste onto an FTO substrate. After complete drying overnight in a vacuum oven at room temperature, the films were immersed in an ethanol solution of N-719 dye at 60 °C for 75 min to adsorb the dye sensitizer. Optimum performance of the ZnO nanotetrapod-based DSSCs, i.e., J sc = 9.71 mA cm -2 , V oc = 614 mV, FF = 0.55 and η = 3.27%, was achieved with a 31.1 μm thick photoanode.
Intensity modulated photocurrent/photovoltage spectroscopy (IMPS/IMVS) measurements have shown that the charge collection efficiency for the ZnO tetrapod films is much higher than that of the reference nanoparticle films [71, 72] . The size of ZnO tetrapod has a certain impact on the photoelectric conversion efficiency. The arm diameter determines the surface-to-volume ratio while the arm length-to-diameter ratio influences the packing density of the tetrapods. When micro-sized ZnO tetrapods were adopted, the limited specific surface area and packing density would restrict the performance of solar cell.
Chiu [73] reported a photoanode film composed of tetrapod-like ZnO nanoparticles, which were fabricated by a DC plasma method with D149 dye. The film provided good electron transport and light harvesting to achieve a conversion efficiency as high as 4.9%. The electron transport properties of the ZnO photoanode were also analysed by electrochemical impedance spectroscopy. The photoanode with a film thickness of 42. Due to the low packing density, even with the relatively small ZnO nanotetrapods for the DSSC photoanodes, the specific surface for dye adsorption and the number of active sites for charge separation at the semiconductor/electrolyte interfaces remain low. Further increasing the nanotetrapod film thickness is a logical option, but it could cause cracks, thus affecting the charge collection. Another possibility is to introduce nanoparticles into the tetrapods' matrix. The ZnO tetrapod network works as a main electron transport passage while nanoparticles serve to increase the specific surface area and take part in the local charge transport.
Chen [74] also constructed ZnO nanotetrapods/SnO 2 composite photoanodes. The ZnO nanotetrapod network served as a global electron transport highway, and the nanoparticles increased the roughness factor and participated in the local charge transport. The optimal performance (η = 6.31%) was obtained at a 2:1 weight ratio of SnO 2 :ZnO. When the composite photoanode design was later extended to flexible substrates, a cell efficiency of 4.91% was obtained. In addition, the ZnO nanotetrapods were replaced by large ZnO particles in the composite photoelectrode while maintaining the same ZnO:SnO ratio. The charge collection efficiency was found to be relatively lower under the working condition of one sun, which clearly demonstrated that the ZnO nanotetrapods support-ed faster electron transport in the composite film than the large ZnO particles, which was due to their structural difference. The large ZnO particles were separated from one another in the film, whereas for the ZnO nanotetrapods in the film, the 1D arm ensured easy directional charge transport, and the symmetrical branching structure guaranteed the formation of an excellent electron transport network.
A hybrid photoanode composed of ZnO and TiO 2 was fabricated on an FTO substrate using different techniques, including electrophoretic deposition, screen printing and colloidal spray coating [75] . Two kinds of ZnO, namely, ZnO tetrapods and ZnO nanorods, were adopted. Figure  8 shows the cross-sectional and top-view images of the ZnO tetrapods/TiO 2 photo-anode fabricated through screen printing. The ZnO tetrapods/TiO 2 composite film exhibited a uniform porous structure, which significantly increased the surface area and improved dye absorption. The DSSCs based on the screen printing-laminated TiO 2 /ZnO tetrapods/TiO 2 photoanode had the highest efficiency of 1.87%, which was attributed to their uniform porous structure.
Cheng [76] fabricated composite photoanodes using ZnO tetrapods, CdS and CdSe quantum dots. The preliminary CdS layer was energetically favourable toward electron transfer and behaved as a passivation layer to diminish the formation of interfacial defects during CdSe synthesis. The ZnO tetrapods afforded an efficiently direct pathway instead of the interparticle hops when using conventional nanoparticles. An optimum CdS/CdSe quantum dotsensitized ZnO tetrapod solar cell with an energy conversion efficiency as high as 4.24% was obtained. Table 1 displays performance characteristics of various ZnO tetrapods-based DSSCs.
Usage of ZnO nanotetrapods as electron acceptors in polymer solar cells
Interconnected tetrapods can form three-dimensional networks, which can provide a satisfactory transmission channel for electrons. Tetrapod-like semiconductor nanocrystals used as electron acceptors in polymer solar cells have been reported. Zhou [82] of ZnO tetrapods/TiO2 photoanode fabricated via screen printing [75] printing-lamina had the highest to their uniform Cheng using ZnO tetra preliminary Cd toward electron layer to dimin during CdSe sy efficiently direct when using co CdS/CdSe quan cell with an ene was obtained characteristics o octyloxy)-p-phenylenevinylene). The solar cells with CdSe nanotetrapods showed improved performance when compared with devices made from nanorod/polymer blends. The improvement was consistent with the enhanced electron transport perpendicular to the plane of the film. A solar power conversion efficiency of 1.8% was achieved under AM 1.5 illumination for a device containing 86 wt% nanotetrapods. Lee [84] synthesized CdSe, CdTe and type-II heterostructured CdTe/CdSe nanotetrapods, and then fabricated hybrid polymer solar cells with the blend of tetrapod nanocrystals and P3HT. The hybrid solar cell based on the blend of CdSe tetrapod nanocrystals and P3HT (6:1 weight ratio) showed the maximum power conversion efficiency of 1.03% under AM 1.5G condition. The CdTe and CdTe/CdSe tetrapod nanocrystals showed relatively poor photovoltaic performance because of the mismatch between the energy-band-level positions of P3HT and CdTe. Smita Dayal [85] fabricated hybrid polymer solar cells using CdSe nanotetrapods and a lowbandgap polymer, and the power conversion efficiency was 3.2%.
The application of tetrapod-like nanocrystals as electron acceptors in polymer solar cells has attracted considerable attention; however, the number of reports on the usage of ZnO tetrapods in polymer solar cells is limited. ZnO tetrapods prepared via a microemulsion-based hydrothermal method were introduced as electron acceptors to bulk heterojunctions to increase exciton separation, electronic transfer and effective collection. Two types of solar cells were fabricated with the structures of ITO/PEDOT:PSS/ MEH-PPV:ZnO tetrapods/Al and ITO/PEDOT:PSS/MEH-PPV:ZnO tetrapods (1:1):PCBM/Al [86] . Figure 9 shows the morphology of the MEH-PPV: ZnO tetrapods: PCBM composite films. The dispersion of ZnO tetrapods in MEH-PPV was very poor and significant agglomeration existed. The expected homogeneous three-dimensional network structures were not formed, which caused the poor performance of solar cells. Further studies should be conducted to improve the performance of hybrid polymer solar cells based on ZnO nanotetrapods further. Focus must be given to the following: 1) the appropriate amount of ZnO tetrapods, 2) improvement in the dispersion of ZnO tetrapods by surface functionalization to increase the interfacial surface area between organic and inorganic layers for charge separation, and 3) promotion of the formation of nanoscale lengths and periodicity of each structure to enable charge separation and movement toward the appropriate electrode without recombination.
Discussions
Compared with liquid reaction processes, the vapour transport synthesis has great advantages: the preparation process is simple and ZnO tetrapods could be prepared on a large scale with high purity, and simultaneously without agglomeration formation. In all kinds of vapour-transport synthesis methods, the thermal evaporation process is the easiest to manipulate; however, the biggest drawback of this method is that the size of the tetrapod becomes too large when the control is poor. By introducing an inert gas under different flow rates, the nucleation and growth could be separated out to different temperature regions: nucleate at a high-temperature region and growth at a low-temperature region. Large amounts of tetrapod nuclei are formed and transported downstream to the colder area of the furnace. The growth can be quenched in a controlled fashion. Therefore, by using this inert gas flowing technique, one should be able to tailor the size and morphology of the tetrapods. Figure 9 . SEM of MEH-PPV: ZnO tetrapods: PCBM composite films [86] type-II heterostructured CdTe/CdSe nanotetrapods, and then fabricated hybrid polymer solar cells with the blend of tetrapod nanocrystals and P3HT. The hybrid solar cell based on the blend of CdSe tetrapod nanocrystals and P3HT (6:1 weight ratio) showed the maximum power conversion efficiency of 1.03% under AM 1.5G condition. The CdTe and CdTe/CdSe tetrapod nanocrystals showed relatively poor photovoltaic performance because of the mismatch between the energy-band-level positions of P3HT and CdTe. Smita Dayal [85] fabricated hybrid polymer solar cells using CdSe nanotetrapods and a lowbandgap polymer, and the power conversion efficiency was 3.2%.
The application of tetrapod-like nanocrystals as electron acceptors in polymer solar cells has attracted considerable attention; however, the number of reports on the usage of ZnO tetrapods in polymer solar cells is limited. ZnO tetrapods prepared via a microemulsionbased hydrothermal method were introduced as electron acceptors to bulk heterojunctions to increase exciton separation, electronic transfer and effective collection. Two types of solar cells were fabricated with the structures of ITO/PEDOT:PSS/MEH-PPV:ZnO tetrapods/Al and ITO/PEDOT:PSS/MEH-PPV:ZnO tetrapods (1:1):PCBM/Al [86] . Figure 9 shows the morphology of the MEH-PPV: ZnO tetrapods: PCBM composite films. The dispersion of ZnO tetrapods in MEH-PPV was very poor and significant agglomeration existed. The expected homogeneous three-dimensional network structures were not formed, which caused the poor performance of solar cells. Figure 10 . IV curves of two types of solar cells [86] Further studies should be conducted to improve the performance of hybrid polymer solar cells based on ZnO nanotetrapods further. Focus must be given to the following: 1) the appropriate amount of ZnO tetrapods, 2) improvement in the dispersion of ZnO tetrapods by surface functionalization to increase the interfacial surface area between organic and inorganic layers for charge separation, and 3) promotion of the formation of nanoscale lengths and periodicity of each structure to enable charge separation and movement toward the appropriate electrode without recombination.
Compared with liquid reaction processes, the vapour transport synthesis has great advantages: the preparation process is simple and ZnO tetrapods could be prepared on a large scale with high purity, and simultaneously without agglomeration formation. In all kinds of vapourtransport synthesis methods, the thermal evaporation process is the easiest to manipulate; however, the biggest drawback of this method is that the size of the tetrapod becomes too large when the control is poor. By introducing an inert gas under different flow rates, the nucleation and growth could be separated out to different temperature regions: nucleate at a hightemperature region and growth at a low-temperature Figure 10 . IV curves of two types of solar cells [86] Controlled synthesis of ZnO tetrapods is very important for their successful application in solar cells. The ZnO tetrapods used in DSSC need a moderate arm length-todiameter ratio to form a film with a high packing density as well as a high specific surface, which is beneficial for dye loading. The ZnO tetrapods produced by thermal evaporation with inert gas flowing can meet the basic requirements of DSSC, whereas the four arms of ZnO tetrapods produced by thermal evaporation are very smooth. In order to further increase the packing density and decrease the large cavities in ZnO tetrapods' network, branch growth could be tried to obtain secondary branching ZnO tetrapods [87] . The main backbone network of the ZnO tetrapods provides a highway for rapid electron transport and the branching expands the interface with the dyes for maximizing light absorption and charge separation at the interface, and therefore enhances device performance.
The branched ZnO tetrapods have a certain similarity with those ZnO tetrapods obtained by micro-emulsion combined with the thermal hydration method. With increased hydrothermal growth time to 10 h, secondary growth occurred, numerous tiny whiskers appeared on the arms and the branched ZnO tetrapods formed. The branched ZnO tetrapods are amenable to assembly into a highly connected network with excellent electron transport and mechanical strength, which once again placed more emphasis on the wet chemical method. Compared with vapour transport synthesis, wet chemical methods have a demanding operation process requiring steady hands and the utmost patience, especially in the later washing and drying stages, which often introduce impurities and causes agglomeration. However, wet chemical methods have unique advantages over the morphology and size control.
Further reduction of the size of ZnO tetrapods remains a very attractive topic, especially in the application of ZnO tetrapods in a hybrid polymer solar cell whose active layer is in the range of 100-200 nm because of the low-charge carrier mobility of the polymer. Small ZnO tetrapods with a size of less than 20 nm can form a three-dimensional network for efficient electron collection and transportation, and will not affect the thickness and morphology of the active layer. Although there is still the potential for size reduction with vapour transport synthesis, the production of ZnO nanotetrapods with a size smaller than 20 nm via this method has not been reported. The nonhydrolytic alcoholysis route could produce ZnO nanotetrapods less than 20 nm. Most important of all, surface modification could be suitably completed in the preparation process or the post-processing stage. Surface modification can tune the optical and electrical properties of ZnO nanotetrapods and further endow them with new functions. Moreover, surface modification could be used to immobilize and assemble function moieties such as C 60 on the surface of ZnO tetrapods via carboxylic linkage [88] , which will enable new applications and phenomena in solar cells. Obviously, if the yield can be further increased, then wet chemical methods combined with surface modification have great potential for development.
Conclusions
One important advantage of tetrapods over other nanocrystalline geometric forms is that their four arms easily connect to each other to form a porous network. Branched tetrapods' nanostructures provide improved electron extraction in photovoltaic devices compared with 1D nanorod structures or bulk materials; however, further improvements on the performance of photovoltaic devices based on ZnO nanotetrapods are still required. We suggest that further research should focus on: reduction of the nanotetrapods' size while increasing the yield, surface modification of ZnO nanotetrapods to enhance their solubility in organic solvents and increase their compatibility with the organic phase, and element doping to regulate the bandgap and conductivity. The application of ZnO tetrapods in solar cells is at its initial stages, and factors such as the dosage, dispersion and surface functionalization need to be explored.
